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1. Introduction 
Oxygen isotope analysis of bioapatite in vertebrate remains (bones and teeth) and 
shell carbonates in terrestrial and marine invertebrates are commonly used to address 
questions on palaeoclimate, palaeoecology and palaeotemperature from the Eocene to 
the recent past (e.g. FRICKE et al., 1995; LÉCOLLE, 1985; VAN DAM and REICHART, 
2009; ZANAZZI et al., 2007; ZANCHETTA et al., 2005). It is sometimes possible to use 
δ
18Obioapatite values to address the questions of interest directly, without requiring the 
data to be converted/calibrated to other forms (e.g. FORBES et al., 2010; HALLIN et al., 
2012). In many isotopic studies, however, the data are converted to quantitative 
estimates of the oxygen isotopic value of precipitation and thence to temperature 
(ARPPE and KARHU, 2010; NAVARRO et al., 2004; SKRZYPEK et al., 2011; TÜTKEN et 
al., 2007). These investigations require two data conversions that are based on well 
demonstrated correlations: 
 
Z1  A species-specific conversion, using δ
18Obioapatite to estimate the mean 
isotopic composition of ingested water (δ
18Odrinking water)( KOHN, 1996; 
LONGINELLI, 1984; LUZ et al., 1984; LUZ and KOLODNY, 1985). For the 
purposes of palaeoclimatic reconstruction δ
18Odrinking water is typically 
assumed to be equivalent to local mean δ
18Oprecipitation; ACCEPTED MANUSCRIPT
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The spread of the data about a line of best fit represents the combined effect of 
all the sources of uncertainty. We show that when a best-fit correlation is used to 
convert new isotopic measurements, this spread makes an important contribution to 
the resultant uncertainty, and it must be taken into account, even if the line of best fit 
appears well constrained. If all the uncertainties are acknowedged, then the 
calibrations can be a useful method for generating first-order estimates of variables of 
interest in palaeoclimatic research. We will demonstrate that the uncertainties in the 
empirically-derived isotopic relationships, and the natural variability of new samples 
about those relationships, lead unavoidably to significant uncertainty in estimates of 
δ
18Oprecipitation and temperature. Moreover, the calibrations require several steps of data 
conversion, and the uncertainties need to be combined appropriately. Whilst some 
researchers give some information about uncertainties in individual correlations 
(BERNARD et al., 2009; GRIMES et al., 2003; POLLARD et al., 2011; PRYOR et al., 2013; 
STEVENS et al., 2011; VAN DAM and REICHART, 2009;), others do not explicitly 
quantify the statistical uncertainties inherent in their calculations (UKKONEN et al., 
2007; IACUMIN et al., 2010).  
Here, we explore the application of standard statistical analysis to the issue of 
data calibration in the context of generating estimates of past temperature across a 
wide span of geological time (ARPPE and KARHU, 2010; DELGADO HUERTAS et al., 
1995; FABRE et al., 2011; KOVÁCS et al., 2012; KRZEMIŃSKA et al., 2010; MATSON 
and FOX, 2010; SKRZYPEK et al., 2011; TÜTKEN et al., 2007; UKKONEN et al., 2007; 
VAN DAM and REICHART, 2009). Our methods are similar to those used in POLLARD et 
al. (2011) who outline the errors associated with inferring geographical origin from 
individual human bioapatite measurements We first review some of the methods 
commonly used for regression analyses that facilitate the conversion of δ
18Obioapatite–ACCEPTED MANUSCRIPT
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δ
18Oprecipitation–T. A regression technique is then established that is statistically valid 
and appropriate for the datasets being employed, and the reasons for choosing this 
method are explained in detail. A method for calculating the uncertainties involved in 
the data calibrations is then presented, introducing the underlying mathematical model 
and the formulae which comprise the basis of the calculation. A digital spreadsheet 
that researchers may download and use to process their own data is also presented 
(Supplementary Data). We then use our model to demonstrate some trends that arise 
from error calculations and conclude with a series of recommendations concerning the 
handling of errors when making δ
18Obioapatite–δ
18Oprecipitation–T conversions. The 
primary calibration equations discussed in this paper focus on the conversion 
relationships developed for horse (DELGADO HUERTAS et al., 1995) and elephants 
(AYLIFFE et al., 1992): although based on small datasets, both are widely applied 
(ARPPE and KARHU, 2010; BOS et al., 2001; DELGADO HUERTAS et al., 1995; FABRE et 
al., 2011; KOVÁCS et al., 2012; KRZEMIŃSKA et al., 2010; MATSON and FOX, 2010; 
SKRZYPEK et al., 2011; TÜTKEN et al., 2007; UKKONEN et al., 2007). We use them as 
an example to show that correct mathematical handling of the data facilitates a more 
rigorous data-conversion process, and gives a clearer statement of the inherent 
uncertainties in the predictions being made from the existing data. 
 
2. Data conversion on enamel carbonates 
By convention, the calibration equations of interest (e.g. for Z1) are typically 
expressed in terms of δ
18Obioapatite values measured on the phosphate moiety in the 
bioapatite structure, quoted relative to the SMOW/VSMOW isotopic standards. 
Enamel carbonates offer an alternative source for measuring δ
18Obioapatite, almost 
always measured relative to the PDB/VPDB isotopic standards. Using isotopic data ACCEPTED MANUSCRIPT
ACCEPTED MANUSCRIPT
31 
Transposed least squares x(y) Reduced major axis
Temperature (
oC)
Forward least squares y(x)
δ
1
8
O
p
r
e
c
i
p
i
t
a
t
i
o
n
 
 
(
‰
)
-10
-8
-6
-4
5 10
RMA y(x)
x(y)
15
A B
C D
FLS
TLS
 
Fig. 1 ACCEPTED MANUSCRIPT
ACCEPTED MANUSCRIPT
32 
-20 -15 -10 -5 0 5
10
15
20
25
Horse (Delgado Huertas 1995) 
δ18Oprecipitation  (‰)
δ
1
8
O
p
h
o
s
p
h
a
t
e
 
 
(
‰
)
-20 -15 -10 -5 0
5
10
15
20
25
δ18Oprecipitation  (‰)
δ
1
8
O
p
h
o
s
p
h
a
t
e
 
 
(
‰
)
Mammoth (Ayliffe et al. 1992) 
A
B
y0
x0 x0 ± δx0
 
Fig. 2 ACCEPTED MANUSCRIPT
ACCEPTED MANUSCRIPT
33 
-20
-15
-10
-5
0
-10 -5 0 5 10 15 20 25
Vienna monthly GNIP precipitation-temperature data
δ
1
8
O
p
r
e
c
i
p
i
t
a
t
i
o
n
 
 
(
‰
)
Temperature (oC)
x0 ± δx0
x0
T0 ± δT0 T0
 
Fig. 3 ACCEPTED MANUSCRIPT
ACCEPTED MANUSCRIPT
34 
-
5
0
5
1
0
1
5
2
0
E
s
t
i
m
a
t
e
d
 
T
e
m
p
e
r
a
t
u
r
e
 
(
º
C
)
m=1
m=5
m=10
m=20
General
Europe
Kraków
annual
Kraków
monthly
Vienna
annual
Vienna
monthly
 
Fig. 4 ACCEPTED MANUSCRIPT
ACCEPTED MANUSCRIPT
39 
c Equations defined using data downloaded from the WISER database (1975–2002). 
d Equations defined using data downloaded from the WISER database (1961–2005). 
 